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In vivo visualization of hemodialysis-induced alterations in leu- the most pronounced markers of bioincompatibility is a
kocyte–endothelial interactions. transient leukopenia [3]. Craddock et al demonstrated
Background. The aim of this study was to develop a model that the alternative pathway of the complement systemfor hemodialysis (HD) in small animals using conventional
was activated, and infusion of cuprophan-activated plasmadialysis equipment that would allow the intravital microscopic
into rabbits resulted in leukocyte aggregation in the pul-observation of leukocyte–endothelial interactions in vivo.
Methods. Cuprophan dialyzers were adapted to obtain a monary vasculature [4]. In recent years, the expression of
similar ratio of membrane area to blood volume as in clinical adhesion molecules and serum levels of soluble adhesion
HD. A silicone ring was inserted into the dialyzer’s inlet to molecules has gained attention, both as an attempt tolimit the number of blood-perfused capillaries. Rabbits were
explain the mechanism of leukocyte sequestration anddialyzed for one hour without a dialysate flow.
to explain the increased susceptibility to infections [5–9].Results. Extracorporeal circulation with the cuprophan dia-
lyzer resulted in a transient leukopenia and complement activa- Observed changes in membrane expression of these mol-
tion. At the nadir of leukopenia, leukocytes that rolled along ecules were accompanied by a diminished in vitro ability
the venular wall were scarcely observed, whereas rolling was
of leukocytes to adhere to cultured endothelial cells andabundant (54 6 9 per min) prior to extracorporeal circulation.
to migrate toward chemotactic factors [7, 10].The adhesion of leukocytes to the vascular endothelium was
not induced. After 60 minutes, rolling of leukocytes was still Leukocyte margination and diapedesis require inter-
reduced by 73 6 5.5%, despite the full recovery of circulating actions between their adhesion molecules and counter
leukocyte counts. Extracorporeal circulation without a dialyzer ligands expressed on the endothelium. During HD, sev-
also tended to reduce leukocyte rolling, although systemic leu-
eral plasma factors like tumor necrosis factor-a [11],kocyte counts were not affected.
lactoferrin [12–14], elastase [13], and reactive oxygenConclusions. The use of adapted conventional cuprophan
hemodialyzers in rabbits yielded a transient leukopenia similar species [15] are released. Each of these factors poten-
to that in clinical HD. Using intravital microscopy, we demon- tially alters endothelial function [16–19]. Presently, how-
strated impairment of leukocyte–endothelial interactions. In ever, it is unknown whether HD indeed affects the ex-addition, our data indicate that tissues, in which leukocytes
pression of endothelial adhesion molecules. Therefore, itcan roll and adhere, are not automatically sites of leukocyte
is difficult to predict the overall outcome of HD-inducedsequestration during HD-induced leukopenia.
changes on leukocyte extravasation in vivo from the
above-mentioned in vitro and ex vivo findings.
In humans, leukocyte–endothelial interactions cannotCompared with healthy controls, patients on intermit-
be visualized in vivo. By contrast, in small animals, intra-tent hemodialysis (HD) are at increased risk for cardio-
vascular disease and infections. Besides the uremic state, vital microscopy has widely been applied to study such
the bioincompatibility of the dialysis procedure itself interactions. Thus far, the reported small animal models
may contribute to these complications [1, 2]. One of of HD are associated with high costs, employing either
exclusively designed minimodules [20–23] or high-flux
pediatric hemodiafilters [24, 25]. To our knowledge, con-
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ventional dialyzers, such as those applied in intermittentcules, biomembrane compatibility, uremia, mesenteric microcircula-
tion. HD, have not been used in small animals. Such dialyzers
have been employed in dogs, swine, and sheep [26–28].Received for publication April 29, 1999
However, use of large animal models to study leukocyte–and in revised form December 17, 1999
Accepted for publication January 17, 2000 endothelial interactions is not advantageous because
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rarely been performed. Moreover, monoclonal antibod- was administered every 30 minutes until a continuous
ies (mAbs) directed against their adhesion molecules are infusion (50 mg/kg/h) was started via a catheter (20 G)
hardly available, in contrast to those of small animals. in the left femoral vein. Prior to surgery, additional local
In the present study, we aimed to mimic human HD analgesia was achieved by xylocaine (20 mg, subcutane-
in a rabbit model using conventional dialysis equipment. ously). Total volume infusion was adjusted to 10 mL/
In addition, we wanted to facilitate studies on HD-induced kg/hour by an additional infusion of Ringer lactate via
changes in leukocyte–endothelial interactions in vivo. a catheter (22 G) inserted in the right marginal ear vein.
Hereto, our dialysis model was combined with intravital For connection to the extracorporeal circuit, the right
microscopy of the mesenteric microcirculation. This carotid artery and jugular vein were catheterized (20 G).
highly transparent tissue has widely been applied to study The left carotid artery was catheterized (20 G) to obtain
the different steps of the extravasation process, namely the mean arterial blood pressure (MAP) and heart rate
leukocyte rolling, adhesion, and diapedesis [29, 30]. (HR), using Statham P23Db pressure transducers. After
finishing the surgical procedures, the dose of ketamin
was halved. Body temperature was maintained aroundMETHODS
388C using a heating pad that was servo controlled with
Animals
the aid of a rectal thermistor.
Healthy, nonuremic, New Zealand White rabbits (3.3
to 4.9 kg) were used. They were kept under conventional Extracorporeal circuit and adaptation of the dialyzer
conditions and had access to acidified water and pelleted Cuprophan dialyzers were applied because these dia-
food ad libitum. The institutional animal care and use lyzers are associated with well-known bioincompatibility
committee approved all procedures, which are described phenomena, including a transient leukopenia [3]. Be-
later in this article. cause the magnitude of these effects depends mainly on
the membrane area [31], we aimed to have a similarChemicals
membrane area to blood volume ratio in our model as
Used drugs and chemicals were ketamin 10% (Kombi- in clinical HD.
vet, Etten-Leur, The Netherlands), pentobarbital 6% Assuming the use of a dialyzer with a membrane area
(Sanofi Sante B.V., Maassluis, The Netherlands), an an- of 2.1 m2 and a total blood volume of 5 L for adult
esthetic cream containing prilocaine and lignocaine (Phar- patients, in clinical HD, approximately 4 cm2 is available
macy Department, Vrije Universiteit Academic Hospi- per milliliter of blood.
tal, Amsterdam, The Netherlands), xylocaine 2% (Astra,
Rabbits (4 kg) have a circulating blood volume of
Zoetermeer, The Netherlands), Ringer lactate solution
about 240 mL. To obtain the appropriate membrane areaand physiological saline (Baxter B.V., Uden, The Neth-
to blood volume ratio, hemoflow E1 dialyzers (ethyleneerlands), MDX-4-4210 elastomer (Dow Corning In-
oxide sterilized; Fresenius AG, Bad Homburg, Germany)ternational Ltd., Brussels, Belgium), heparin 25000
were adapted. According to the manufacturer, these cu-IU/mL (LEO Pharmaceutical Products B.V., Weesp,
prophan dialyzers contain 4400 capillaries with a totalThe Netherlands), gelofusine (Vifor Medical SA, Cris-
volume of 35 mL and a total surface area of 0.7 m2. Eachsier, Switzerland), Tu¨rk’s solution, as well as Giemsa
capillary has an inner diameter of 200 mm and a lengthand May-Gru¨nwald’s solution and all components in the
of 25.2 cm. The inlets of the capillaries lie within a circlebicarbonate-buffered solution for superfusion of the
with a measured diameter of 27 mm. We closed aboutmesentery (Merck, Darmstadt, Germany).
87% of the capillaries by insertion of a silicone ring with
an opening of 9.6 mm in diameter (described later in thisAnesthesia and surgical preparation
article). Assuming an equal distribution of the capillariesAnesthesia was induced by ketamin (50 mg/kg, intra-
within the inlet area, approximately 570 perfusable capil-muscularly) followed by the administration of pentobar-
laries were left.bital (10 to 20 mg/kg, 20 mg/mL) via a catheter [22 gauge
Occlusive silicone rings were fabricated as follows.(G)] inserted in the left marginal ear vein. To minimize
The cap of an E1 dialyzer was removed. A plastic pinpain, the marginal region of the ears had been pretreated
with a diameter of 9.6 mm was inserted into the cap’swith an anesthetic cream one hour before catheterizing
opening (Fig. 1A). MDX elastomer was poured into thethe veins. After intubation, the rabbits were ventilated
cap to the level of the thin sealing silicone ring alreadywith a mixture of air and pure oxygen (4 to 7.5%) at a
present and was allowed to harden for .24 hours atrespiration rate of 40 times per minute, with a tidal vol-
room temperature. Rings fabricated this way (Fig. 1B)ume of 26.5 to 37.0 mL, and with positive end expiratory
were then sterilized by heating under pressure. Prior topressure. Anesthesia was maintained by infusion of pen-
an experiment, a sterilized occlusive ring was insertedtobarbital (10 mg/kg/hour) into the left marginal ear
vein. Furthermore, ketamin (50 mg/kg, intramuscularly) into the inlet of a new dialyzer under sterile flow condi-
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Fig. 1. Adaptation of the dialyzer. The cap of a hemoflow E1 dialyzer (A) was employed as a mold to fabricate occlusive silicone rings. The
desired residual opening was obtained by insertion of a plastic pin into the dialyzer’s cap. Insertion of the resulting silicone ring (B) into the
dialyzer’s inlet effectively reduced the number of capillaries that was perfused with blood during the extracorporeal circulation (C).
Table 1. Volume of the components of the extracorporeal circuit phan group) or to sham HD, that is, extracorporeal circu-
lation without a dialyzer (s-HD group) or to identicalComponents Volume mL
treatment with the exception of extracorporeal circula-Afferent blood line Extension tube (15 cm) 0.15
A-883 4.5 tion (control group). Anticoagulation of all rabbits was
Adapted dialyzer Dialyzer inlet ,0.25 achieved by the administration of heparin (300 IU/kg)
Capillaries 4.6
via the jugular vein. Subsequently, in all three groups,Dialyzer outlet 4.0
Efferent blood line V-884 9.0 blood was pumped from the right carotid artery at a rate
Extension tube (50 cm) 0.5 of 12.5 mL/min for 90 seconds using an AK-10 dialysis
Extension tube (15 cm) 0.15
machine (Gambro Dialysatoren GmbH & Co.). Simulta-Total volume 23.0
neously, gelofusine (20 mL) was administered to all ani-
mals via the jugular vein. Gelofusine is a colloid osmotic
solution that, for example, is administered to HD pa-
tions. After use, these rings were cleaned and sterilized tients in case of HD-associated hypotension. In the cu-
for reuse, while dialyzers were disposed. prophan and s-HD group, the efferent blood line was
The extracorporeal circuit consisted of the adapted then connected to the jugular vein, after which extracor-
dialyzer and pediatric blood lines (A-883 afferent and poreal circulation was started for one hour with a blood
V-884 efferent blood lines; Gambro Dialysatoren GmbH & flow of 12.5 mL/min. Anticoagulation was maintained
Co. KG, Hechingen, Germany). Blood lines were ex- by infusion of heparin (100 IU/kg/hour) into the afferent
tended using polyethylene infusion lines (Vygon, Ecouen, blood line. Control animals received the same mainte-
France). The total volume of the extracorporeal system nance dose of heparin directly into the jugular vein.
was 23 mL (Table 1).
Alternatively, the extracorporeal circuit did not con- Blood sample analyses
tain a dialyzer. Instead, both blood lines were linked;
Blood samples (300 to 800 mL) were taken from theafter removal of their connectors, both ends were ad-
right carotid artery, the afferent, or when indicated, thejoined within a small piece of sterile infusion line.
efferent blood line. Samples were analyzed for bloodBefore their use in extracorporeal circulation, the dial-
gasses and pH using an ABL 330 acid-base laboratoryysate compartment of the adapted dialyzers was filled
blood gas analyzer (Radiometer, Copenhagen, Den-with sterile saline and closed. The blood compartment
mark). Total leukocyte counts were determined in aof the extracorporeal circuits, with or without a dialyzer,
Bu¨rker counting chamber (144 fields) after dilutionwas rinsed with 1 L of sterile heparinized saline (5 IU/mL).
(1:10) in Tu¨rk’s solution. Leukocyte differentiation wasSubsequently, dialyzers were immersed into a water bath
ascertained by identifying 100 to 200 cells in a May-(38 to 398C) until further use. If a dialyzer was not incor-
Gru¨nwald-Giemsa–stained blood smear.porated in the extracorporeal circuit, blood lines were
Complement activation during extracorporeal circula-surrounded by isolation tubing to limit the loss of blood
tion was monitored by measuring levels of C5a-des-Argtemperature.
in plasma samples [32]. These analyses were kindly per-
Cuprophan, sham HD, and control group formed by Dr. K. Bergh (Trondheim, Norway). Briefly,
blood samples (500 mL) were collected in vials containingAnimals were either subjected to extracorporeal circu-
lation through the adapted cuprophan dialyzers (cupro- 10 mL of Na2/ethylenediaminetetraacetic acid (EDTA)
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Table 2. Comparison of volume and flow parameters between oursolution (90 mg/mL) and kept on ice. After centrifuga-
rabbit model and clinical hemodialysis (HD)
tion at 10,000 3 g for 10 minutes at 48C, plasma was
Rabbit Clinicalcollected and stored at 2708C. C5a-des-Arg was quanti-
model HDtated by sandwich enzyme-linked immunosorbent assay
Membrane area/blood volume cm2/mL 4 4(ELISA) using mAbs that recognize epitopes present on
Blood flow/cardiac outputa % 3 5
C5a (des-Arg), but not on native C5. Microwells were Extracorporeal volume/blood volume % 10 6
Intracapillary flow lL/min 22 20coated with mAb 5B2C5 in 0.1 mol/L carbonate buffer,
pH 9.6, by incubation at 208C overnight. Subsequently, aEstimated cardiac output of 370 mL/min [37]
unoccupied binding sites were blocked by incubating
the wells with 1% skimmed milk in phosphate-buffered
saline (PBS), pH 7.2, for 30 minutes. Rabbit plasma
cation at the monitor (LDH 2135/10; Philips) was 650samples diluted in PBS containing 0.05% Tween-20
or 870 times.(PBS-T) were then incubated for 1.5 hours, followed by
Divergent vessels were designated as arterioles andwashing with PBS-T. Subsequently, biotinylated mAb
convergent vessels as venules. The number of leukocytes2B1A2 in PBS-T was incubated for one hour followed
rolling along or adhering to the vessel wall was deter-by three washes with PBS-T. After incubation with per-
mined by off-line analysis of the videotapes. The numberoxidase-conjugated streptavidin for one hour and subse-
of rolling leukocytes per unit of time was determined byquent washing, substrate o-phenylenediamine and H2O2
counting the number of rolling leukocytes in a vesselwere added. The enzymatic reaction was terminated by
segment, with a length of 60 to 80 mm over a one-minuteadding 2 mol/L H2SO4, and the optical density (OD) at
period. The reproducibility of this measurement was de-492 nm was read. The concentration of C5a-des-Arg
termined by three independent observers. Hereto, thewas determined by relating the OD to a standard curve
number of rolling leukocytes per unit of time in fiveobtained by employing known concentrations of C5a-
venules at two different times each was counted by eachdes-Arg.
observer in duplicate. The intraobserver variability (SD/Both white blood cell counts and C5a-des-arg concen-
mean) for the assessment of rolling leukocyte numberstrations were corrected for changes in hematocrit (Hct),
was 0.03. The interobserver variability was 0.10. Theas measured with a microhematocrit centrifuge and Hct
adhesion of leukocytes in these segments was ascertainedreader (Hawksley & Sons Ltd., Lancing, UK).
by counting those leukocytes that became stationary in
Intravital microscopy the period of observation and remained so over at least
30 seconds. In the present study, all analyses of leukocyteLeukocyte–endothelial interactions were observed us-
rolling and adhesion were performed by one observer.ing intravital microscopy [29]. Through a small midline
abdominal incision, a short segment of distal ileum was
Statisticsexteriorized. The mesentery was spread over a silicon-
Data in graphs and tables are shown as mean 6 SEM.ized glass plate mounted in a microscope stage. The
Data were analyzed for differences between groups ofpreparation was continuously superfused with a bicar-
animals by two-way analysis of variance. If appropriate,bonate-buffered solution (NaHCO3 25 mmol/L, NaCl
a t-test using a Bonferroni correction for multiple com-130 mmol/L, KCl 5.6 mmol/L, CaCl2 2.9 mmol/L, MgCl2
0.6 mmol/L) equilibrated with 5% CO2 in nitrogen and parisons was subsequently performed. An analysis of
kept at 37 to 388C. To prevent dehydration, the bowels variance for repeated measurements was performed to
were overlaid with wet gauzes. The preparation was al- detect changes of parameters within a group over time,
lowed to stabilize for at least 20 minutes. Observations followed by a Tukey’s multiple comparison test. Differ-
were made using an adapted version of an Axiotech ences were considered statistically significant when P ,
vario 100 HD microscope (Zeiss, Oberkochen, Germany) 0.05.
equipped with a salt-water immersion lens (Achroplan
20x/0.50 Ph-2; Zeiss; or SW25x/0.60; Leitz, Wetzlar, Ger-
RESULTSmany). The tissue was transilluminated via a fiber-optic
Insertion of the occlusive silicone ring into the dialyz-and convex lens using a light source (KL1500; Schott
er’s inlet effectively reduced the number of perfusedGlaswerke, Wiesbaden, Germany) equipped with a 150
capillaries (Fig. 1C). In Table 2, several parameters ofW halogen lamp (Xenophot HLX; Osram, Mu¨nchen,
our model are compared with the clinical situation. AsGermany). The microscopic image of microvessels was
mentioned, the membrane area available for the totalrecorded on videotape by a CCD camera (7020/20; Phil-
volume of blood of the animal was set equal to theips, Eindhoven, The Netherlands) and a VHS videore-
concurrent value in clinical HD. Both the ratio of thecorder (RTV 825; Blaupunkt, Hildesheim, Germany).
Depending on the objective lens used, the final magnifi- used blood flow (12.5 mL/min) to the estimated cardiac
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output [33] and the ratio of the extracorporeal volume phonuclear cell (PMN) counts had dropped from 4.4 6
to the animal’s blood volume approximated those in 0.22 to 0.25 6 0.12 3 106/mL (N 5 5, P , 0.05) and
clinical HD. The magnitude of these parameters is im- peripheral blood mononuclear cell (PBMC) counts, that
portant, because, if excessive, the animal’s hemodynamic is, lymphocytes and monocytes, decreased from 4.1 6
condition might be disturbed by the extracorporeal circu- 0.51 to 2.1 6 0.25 3 106/mL (N 5 5, P , 0.05). By the
lation. Also, blood flow rate through an individual capil- end of the procedure, leukocyte counts had returned to
lary of the dialyzer was similar to that in the clinical baseline levels. At that time, PMN and PBMC counts
situation. (4.9 6 0.70 and 3.3 6 0.20 3 106/mL, respectively) were
During the withdrawal of blood from animals for filling not significantly different from their initial values (N 5 5).
of the extracorporeal circuit and the simultaneous re-
Leukocyte counts did not change in either the s-HD orplacement of the blood by gelofusine, MAP remained
control animals (Fig. 3).stable in all groups (Fig. 2A, insert). By contrast, the
Activation of the complement system within the cu-HR decreased (Fig. 2B, insert): the higher the velocity
prophan dialyzer resulted in increased levels of C5a atof gelofusine administration, the larger the magnitude
the outlet of the cuprophan dialyzer as compared withof this decrease (range of maximal effects, 6 to 23%).
the levels in the afferent blood line (Table 4). The differ-However, as soon as the filling procedure was finished,
ence in C5a-des-Arg concentration over the dialyzer wasthe HR returned toward baseline levels. These levels
especially marked at the nadir of leukopenia. However,were 248 6 6 bpm for control, 261 6 15 bpm for cupro-
thereafter the C5a-des-Arg levels also remained rela-phan animals, and 247 6 19 bpm for s-HD animals, while
baseline levels for MAP were 77 6 6, 78 6 7, and 85 6 tively elevated, indicating ongoing complement activa-
5 mm Hg, respectively. As can be seen in Table 3, Hct tion within the dialyzer. In s-HD animals, concentrations
decreased because of the withdrawal of blood and the of C5a-des-Arg in blood samples taken from the afferent
administration of gelofusine, yielding a value compara- blood line, which generally are considered to represent
ble to that in HD patients. This decrease in Hct was systemic levels, slightly increased over the 60-minute
similar in all groups. period (P , 0.05). A similar trend was apparent in the
When extracorporeal circulation was started and, cuprophan group (P 5 0.07).
hence, blood from the circuit was returned to the ani- Figure 4 presents an example of the images that can
mals, MAP immediately fell by approximately 23% in
be obtained by application of intravital videomicroscopy.the cuprophan group (Fig. 2A). A similar effect was
Prior to extracorporeal circulation, on the average, 54 6observed in s-HD animals. Thereafter, MAP returned
10 rolling leukocytes per minute were observed in venulesgradually toward baseline levels. In control animals, no
of the cuprophan group (N 5 5, 17 venules, diameter 32 6significant change in MAP was observed. HR also
2 mm). In control (N 5 5, 13 venules, diameter 26 6dropped upon the start of extracorporeal circulation
3 mm) and s-HD (N 5 4, 14 venules diameter 26 6 2 mm)(Fig. 2B), and it remained approximately 8% below base-
animals, the level of rolling was similar: 48 6 21 and 47 6line. The magnitude of this second decrease fluctuated
12 per minute, respectively. Irrespective of the use of aless than during the filling procedure, probably because
dialyzer, extracorporeal circulation tended to decreaseof the relatively constant rate of blood return during
extracorporeal circulation compared with the more fluc- the number of rolling leukocytes (cuprophan group, P ,
tuating rate during manual administration of gelofusine. 0.05; s-HD group, P 5 0.10; Fig. 5). If a cuprophan
In control animals, HR slowly increased over the 60- dialyzer was incorporated in the circuit, scarcely any
minute period. rolling leukocytes were observed during the period of
Extracorporeal circulation over a 60-minute period leukopenia. Moreover, adhesion of leukocytes was not
slightly decreased the animal’s body temperature (#1.08C), induced. During the reversal of leukopenia, rolling leu-
while this remained stable in controls (Table 3). Blood kocyte numbers increased toward the level observed in
pH, pO2 mm Hg, and pCO2 mm Hg did not change over s-HD animals. Although circulating leukocyte counts
time, neither in control animals (7.35 6 0.02, 121 6 5,
after 60 minutes of extracorporeal circulation did not
and 37 6 4, respectively), nor in the cuprophan group
differ from their initial values, the number of rolling(7.38 6 0.02, 122 6 10, and 35 6 5, respectively), nor in
leukocytes was decreased by 73 6 5.5% in the cuprophanthe s-HD group (7.39 6 0.08, 140 6 11, and 29 6 5,
and 41 6 19% in the s-HD group. The level of leukocyterespectively).
rolling in control animals did not change during the 60-Extracorporeal circulation with cuprophan dialyzers
minute time period (Fig. 5). Leukocyte rolling was neverinduced a transient leukopenia (Fig. 3), reaching its nadir
observed in the arterioles, neither prior to nor duringwithin 10 minutes. Over this period, systemic leukocyte
extracorporeal circulation with cuprophan membranescounts dropped from 8.0 6 0.68 to 2.3 6 0.29 3 106/mL.
White blood cell differentiation revealed that polymor- (N 5 5, 6 arterioles, diameter 27 6 3 mm).
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Fig. 2. Hemodynamic consequences of extra-
corporeal circulation. Effect of extracorporeal
circulation with dialyzer (cuprophan) or with-
out dialyzer (sham hemodialysis, s-HD) on
mean arterial pressure (MAP; A) and heart
rate (HR; B). Filling of the circuit with blood
occurred between 210 and 0 minutes (inserts).
Extracorporeal circulation was started at zero
minutes. Data are expressed as mean 6 SEM.
Symbols are: (s) control group, N 5 5; (d)
cuprophan group, N 5 5; (h) s-HD group,
N 5 3. *Significant difference between control
animals and other groups over the 60-minutes
period. #Significant difference within a group
over the 60-minute period.
DISCUSSION was made proportional to that in the clinical situation
by insertion of a silicone ring into the dialyzer’s inlet.
The aim of this study was to develop a model for HD Blood was pumped through the dialyzer without the
in small animals using conventional dialysis equipment simultaneous flow of dialysate. This procedure evoked
in order to allow the intravital microscopic observation a profound leukopenia with characteristics similar to that
of leukocyte–endothelial interactions in vivo. observed in clinical HD with such membranes [3]. The
For this purpose, we used rabbits and adapted dialyz- nadir of the leukopenia was reached at 10 minutes after
the start of the procedure, and within 60 minutes, circu-ers. The membrane area available for contact with blood
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Table 3. Effect of the use of an extracorporeal circuit with dialyzer (cuprophan) or without dialyzer (s-HD)
on hematocrit and body temperature
Body temperature 8C Hematocrit %
Cuprophan s-HD Control Cuprophan s-HD Control
Initial value 38.260.2 38.160.3 38.660.3 3961.1 3762.2 3860.8
10 min 38.160.2 37.960.3 38.760.2 3460.8 3362.2 3460.5
30 min 37.960.2 37.560.2 38.860.2 3460.8 3361.9 3460.5
60 min 37.860.2 37.160.3 38.860.2 3460.8 3362.0 3560.4
Statistics a,b a,b b b b
aA significant difference (P , 0.05) between control (N 5 6) and treated animals (N 5 6 for cuprophan, N 5 4 for s-HD) over the 60-minute period
bA significant difference within a group over the 60-minute period
Table 4. Effect of the use of an extracorporeal circuit with
(cuprophan) or without a dialyzer (s-HD) on plasma C5a-des-Arg
levels (ng/mL)
Cuprophan (N 5 3)
s-HD
Afferent Efferent (N 5 4)
Initial value 123617.4 10869.4
10 minutes 136617.2 439612.3 10665.6
30 minutes 15967.5 327646.0 11765.6
60 minutes 15968.8 296631.3 12767.3
Statistics a,b b
aA significant difference (P , 0.05) with plasma C5a-des-Arg levels in the
afferent blood line over the 60-minute period
bA significant difference within a group over the 60-minute period
using healthy instead of uremic rabbits, the effects ofFig. 3. Hemodialysis (HD)-induced leukopenia. Use of a cuprophan
dialyzer without dialysate flow caused an early and transient drop in dialysis treatment and uremia can be separated, which
the number of circulating leukocytes. Symbols are: (h) control group, is not feasible in clinical studies. By filling the dialysateN 5 6; (j) extracorporeal circulation with a cuprophan dialyzer, N 5
compartment with sterile saline instead of using a dialy-6; ( ) extracorporeal circulation without a dialyzer, N 5 4. *Significant
difference between control and treated animals. #Significant difference sate flow, we excluded backfiltration of bacterial prod-
compared to its initial value. ucts from the dialysate compartment and, hence, its pos-
sible influences [1]. While clearance of small molecules
caused by diffusion is not present in our model, clearance
of molecules caused by sticking onto the dialyzer’s mem-lating leukocyte counts had returned to baseline levels.
brane surface can occur. It is believed that in this way,Moreover, as in clinical HD, the leukopenia was primar-
large molecules, such as soluble adhesion molecules, areily a reflection of a severe neutropenia and was associ-
removed from the circulation [9]. At least, the lack ofated with marked activation of complement within the
clearance by diffusion did not result in divergent leuko-dialyzer. Extracorporeal circulation without a dialyzer
penia kinetics in our model.did not affect circulating leukocyte numbers as has been
At the nadir of leukopenia, leukocyte rolling was dra-also reported for clinical HD [3].
matically reduced. This can largely be explained by theThe observed characteristics of the leukopenia and its
almost complete granulocytopenia. It has been shownassociation with complement activation inside the dia-
that over 95% of the rolling cells in the exteriorizedlyzer indicate that in our model, important determinants
mesentery are granulocytes [34]. In addition, L-selectinof bioincompatibility of HD are similar to those in clini-
shedding by the remainder of the circulating granulo-cal HD [3, 4]. Both uremia and dialysate flow are proba-
cytes might have diminished their ability to roll [7, 10].bly less important for eliciting complement activation
Leukocyte rolling is predominantly mediated by mem-and leukopenia than, for instance, a sufficiently large
bers of the selectin family of adhesion molecules andmembrane area [31]. However, a modulating effect of
their counter ligands [35]. Besides L-selectin, expresseduremia and dialysate flow on the induction of leukopenia
on leukocytes, this family comprises P-selectin, ex-and complement activation cannot be excluded. Neither
pressed on platelets and the endothelium, and E-selectin,can it be excluded that uremia and dialysate are impor-
expressed on endothelial cells.tant in eliciting bioincompatibility reactions other than
complement activation and induction of leukopenia. By Interestingly, leukocyte rolling also tended to decrease
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Fig. 4. Absence of leukocyte sequestration in
the exteriorized mesentery during HD-induced
leukopenia. Recording of an arteriole (left
vessel) and venule (right vessel) 1 minute prior
to dialysis without a dialysate flow (left) and
10 minutes after the start of the procedure
(right). The arrows point at rolling leukocytes.
Note the absence of rolling and adhering
cells during the cuprophan-induced leukope-
nia (right). Extracorporeal circulation through
the cuprophan dialyzer did not induce leuko-
cyte–endothelial interactions in the arteriole.
Experimental time (h:min:s) is indicated in
the upper right corner of each panel. The bar
indicates 50 mm.
such as P-selectin [8], or by changes in the endothelial
expression of adhesion molecules itself remains to be
determined. The same is true for the duration of the
attenuation of leukocyte rolling. However, some pilot
experiments in which leukocyte rolling was observed
for a longer period of time suggest an approach toward
normal rolling levels after two hours of extracorporeal
circulation with cuprophan dialyzers.
Extracorporeal circulation with cuprophan membranes
did not induce leukocyte adhesion in mesenteric venules.
This indicates that tissues in which leukocytes can roll
and, potentially, adhere are not automatically sites of
leukocyte sequestration during HD-induced leukopenia.
Firm adhesion of leukocytes to endothelial cells is mainly
Fig. 5. Decreased leukocyte rolling during extracorporeal circulation. mediated by members of the integrin family of adhesionThe use of a cuprophan dialyzer without dialysate flow caused an early
molecules expressed on leukocytes, for example CD116/drop in the number of rolling leukocytes in venules of the exteriorized
mesentery. By the end of the dialysis procedure, the number of rolling CD18 (Mac-1), and members of the immunoglobulin
leukocytes was still decreased. Symbols are: (h) control group, N 5 5; superfamily expressed on the endothelium, like intercel-(j) extracorporeal circulation with a cuprophan dialyzer, N 5 5; ( )
lular adhesion molecule-1 (ICAM-1) and vascular cellextracorporeal circulation without a dialyzer, N 5 4. *Significant differ-
ence with control animals. #Significant difference compared to its initial adhesion molecule-1 (VCAM-1) [35]. These classes of
value. adhesion molecules are clearly different from the selec-
tins, which mediate leukocyte rolling. In addition, leuko-
cyte rolling has been recognized as a prerequisite for firm
adhesion. Rolling keeps the leukocytes in the vicinity ofif a dialyzer was not incorporated into the extracorporeal
the vessel wall and allows further activation of the rollingsystem, despite the absence of any effect on circulating
leukocytes by appropriate stimuli, for example, platelet-leukocyte counts. A similar phenomenon, that is, de-
activating factor (PAF) presented by the endotheliumcreased rolling, despite unchanged leukocyte numbers
[35]. Hence, a first explanation for the absence of leuko-was also observed after one hour of extracorporeal circu-
cyte adhesion during leukopenia is the major decreaselation with cuprophan dialyzers. Whether this impair-
in the number of rolling leukocytes at that time.ment is caused by a change in expression of adhesion
Upon the return of rolling leukocytes during the rever-molecules on the granulocyte membrane, like l-selectin
sal of leukopenia, firm adhesion was still absent. This[7, 10], or by competition of released soluble adhesion
molecules with molecules at the endothelial surface, suggests one or more other reasons for our finding that
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these rolling leukocytes did not adhere. One reason [43, 44], combined with an impaired baroreflex caused
by the used anesthetics [45].might be that either the mesenteric venular endothelium
In conclusion, conventional HD equipment wasor the leukocytes were not properly activated to induce
adapted for use in rabbits, yielding an equal membranethe necessary adhesion molecules. In the exteriorized
to blood volume ratio as employed in clinical HD. Usingmesentery, leukocyte rolling is abundant, but additional
cuprophan dialyzers, similar characteristics with respectstimulation of the tissue with, for example, C5a is neces-
to HD-induced leukopenia were found as in clinical HD,sary to induce substantial adhesion [36]. Another reason
despite the absence of uremia and dialysate flow. Bymight be that adhesion was actively prevented by the
applying intravital microscopy to the exteriorized mesen-release of an unknown inhibitor. In this latter respect,
tery, we demonstrated that changes in leukocyte–it is interesting to note that in a mouse model for the
endothelial interactions can be studied in vivo. Com-systemic inflammatory reaction leukocyte adhesion was
pared with initial levels, we observed a reduction in thenot observed, despite up-regulation of both leukocyte
number of leukocytes rolling along the endothelium atand endothelial adhesion molecules in various organs
one hour after the start of extracorporeal circulation,[37]. On the other hand, the absence of adhesion in
despite normal levels of circulating leukocytes. In addi-mesenteric venules does not exclude that leukocyte ad-
tion, it was shown that tissues in which leukocytes can rollhesion in, for example, the pulmonary circulation con-
and adhere are not automatically the sites of leukocytetributes to the development of leukopenia. First, factors
sequestration during HD-induced leukopenia. Futureinducing leukocyte adhesion might not pass the pulmo-
studies may involve the comparison of different mem-nary vasculature in large enough quantities to induce
branes and the ability of granulocytes to migrate towardadhesion in mesenteric venules. Second, properties of
chemotactic factors after HD. Tissues other than thethe pulmonary and the systemic circulation may differ.
mesentery may also be studied by intravital microscopyWhile leukocyte rolling in the systemic circulation is
or by using immunohistochemical methods. Such investi-mostly confined to venules [38], in the pulmonary circula-
gations may help to elucidate the pathogenesis of HD-tion, leukocytes roll both in venules and arterioles [39].
induced complications like the increased susceptibilitySeveral studies indicate that the lung vasculature is
to severe infections [1, 2].the main site of sequestration during leukopenia [40]. In
our model, leukocytes are probably also sequestered in
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